INTRODUCTION
The gene-specific transcription factor USF (also called MLTF or UEF) was first identified because of its involvement in transcription of the adenovirus major late gene (1-3). DNA sequences recognized by USF are characterized by the presence of a central CACGTG motif (1), which includes the canonical CANNTG recognition sequence of helix-loop-helix (HLH) transcription factors (4) . Although the exact cellular function of USF remains unknown, it is noteworthy that most USF binding sites are also recognized by other families of transcription factors, such as Myc (5-7), MAX/Myn (8, 9) , Mad/Mxi (10, 11) and TFE3/TFEB (12, 13) . USF binding sites have been found in a variety of cellular and viral genes (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Characterization of USF-DNA complexes by electrophoretic mobility shift assays has revealed that crude as well as purified preparations of this transcription factor are apparently heterogeneous (2, 26) . In agreement with this observation, two different polypeptides, with apparent molecular masses of 43-and 44-kDa, have been shown to be responsible for the USF activity present in HeLa cell nuclei (26, 27) . These two different forms of human USF showed identical DNA-binding properties (27) .
Isolation of cDNA clones to the 43-kDa form of human USF (USF1) has revealed that this transcription factor contains a leucine zipper motif immediately adjacent to the basic-HLH region responsible for dimerization and DNA-binding (28) . Expression of diis particular USF gene seems to be controlled by alternative splicing (28) . Partial cDNA clones for a second human USF gene, designated USF2 or FIP (29, 30) , as well as clones for USF family members from Xenopus (31) and sea urchin (32) were subsequently isolated. Comparison of these clones revealed a high degree of conservation in the C-terminal region of the various USF proteins. Interestingly however, the leucine zipper is absent in the sea urchin USF, while this same motif seems to play an important role in the dimerization and DNA-binding activities of all other USF family members (28, 29) . Isolation of the FIP clone was made possible by the existence of a physical interaction between this protein and Fos (30) .
Here, we report the characterization of a complete cDNA clone for the murine USF2 gene. Analysis of this clone confirmed the suspected relationship between USF2 (29) and the 44-kDa form of USF originally observed in HeLa cells (26) . We show that USF2 expression is characterized by differential splicing patterns and alternative utilization of translation start sites and polyadenylation signals. Finally, gel retardation assays and Northern blotting analysis revealed that while USF is expressed ubiquitously, the relative abundance of the various USF proteins vary in different cell types.
MATERIALS AND METHODS

Isolation of probes for murine USF by RT-PCR
Two degenerate oligonucleotides (CARTTYTWYGTNATGATG and ATCCARTTRTTNATYTTRTC) were designed according to amino acid sequences most highly conserved in the various USF family members (i.e., USF-specific region and helix 1) (29) . These sequences encompassed amino acids 159-164 and 213-219 of the human 43-kDa USF (28) . A murine cDNA was prepared by extension of random primers with reverse transcriptase using poly (A) + RNA isolated from SI 94 cells (a B-cell line). PCR reactions were carried out with Taq DNA polymerase using 1 /iM concentration of the degenerate oligonucleotides and two successive series of cycles (5 cycles at 92°C, 1 min, 55°C, 5 min, 72°C, 1 min, followed by 30 cycles at 92°C, 1 min, 45°C, 2 min, and 72 C C, 1 min). The amplified 180-bp USF cDNA fragments were isolated, phosphorylated, end-filled with Klenow, and cloned into a pBKS" vector (Stratagene). Sequencing of several of the resulting clones revealed that a portion of the cDNAs for both the 43-and 44-kDa murine USF had been amplified. The insert from one of these subclones, corresponding to the 44-kDa USF, was isolated and used as a probe for library screening.
The amino acid sequences of the various USF genes were found to be almost entirely identical between human and mouse. This property was used to isolate a longer fragment of the murine 43-kDa USF cDNA for use in Northern analysis. This fragment was amplified by PCR using an oligonucleotide matching a portion of the region initially amplified and a degenerate oligonucleotide corresponding to amino acids 1-6 of human USF1 (28) .
Library screening and DNA sequencing
A commercial cDNA library from NIH3T3 cells in a lambda ZapII vector (Stratagene) was used to isolate murine USF2 clones. From a total of 300,000 plaques screened, two different cDNA clones, M2-2 and M2-5, were each isolated twice. DNA sequencing was performed using the dideoxy termination method (33) with double-stranded DNA templates and Sequenase (US Biochemical). The sequence of the entire M2-2 clone was determined on both strands using a combination of Exonuclease HI deletions, subclones of various restriction fragments and specific oligonucleotide primers. Most of the M2-5 sequence information was determined for only one of the DNA strands.
In vitro transcription/translation and bacterial expression of USF cDNAs USF1 and USF2 RNAs were produced by transcription of the human 43-kDa USF (28) or murine 44-kDa USF (clone M2-2) cDNAs with T7 RNA polymerase. These RNAs were purified and used to program rabbit reticulocyte lysates (Promega), either separately or in combination at various ratios. Translation reactions were carried out in the presence of [ For bacterial expression of the 44-kDa USF, the BamYH fragment corresponding to nucleotides 93 -1532 of M2-2 was subcloned into a pV2 vector (34) . This process yielded clone pVM2, which allowed inducible expression in E.coli of the murine USF (amino acids 9-346) with a stretch of six histidines at its N-terminus. Expression of the recombinant VM2 protein was found to be relatively low, independent of the bacterial strain used, whether XLl-Blue or any of the Top strains (Stratagene). The bacterially produced protein was purified by chromatography on a column of immobilized Ni 2+ as previously described (34), followed by an additional purification on an FPLC Mono Q column (Pharmacia) precisely as described previously for HeLa USF (26) .
USF-DNA interaction studies DNase I footprinting was carried out using bacterially produced human 43-kDa (34) and murine 44-kDa USF using a protocol essentially identical to the one originally described for human USF (26) . The relative affinity of each protein for the USF site present in the adenovirus 2 major late promoter was determined using the standard USF filter binding method (26) . Gel retardation assays performed as previously described using as a probe a 260-bp DNA fragment containing the adenovirus major late promoter (26, 29) .
Northern blot analysis
A blot containing poly (A) + RNA (2 /tg per lane) isolated from various mouse tissues (Clontech) was probed repetitively to determine the relative abundance of messages hybridizing with the 43-and 44-kDa murine USF cDNAs and a human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe. For low stringency screening, the blot was washed twice in 2 xSSC at room temperature, followed by two washes at 42 °C in this same solution. After exposure to film, high stringency washes were carried out in 0.1 XSSC at 60°C. The GAPDH probe was obtained by RT-PCR from HeLa cell poly (A) + RNA and two oligonucleotides corresponding to positions 29-53 and 715-724 of human GAPDH (35) .
RESULTS
Various
USF2 messages result from differential splicing and alternative poly(A) site usage Isolation of clones to different USF family members revealed that several domains in the C-terminal region of these proteins were highly conserved (29) . This observation was used to design degenerate PCR primers in two of the most conserved regions (the USF-specific domain and helix 1 of the HLH motif) that would allow amplification of a small region of the cDNA for all known USF genes. Using these primers and a cDNA made from poly(A) + RNA isolated from the S194 mouse cell line, we obtained small cDNA probes for both the murine USF1 and USF2 genes (see Materials and Methods). The USF2 probe was used in turn for screening an NIH3T3 cDNA library. This screen resulted in identification of four positive plaques (M2-1, M2-2, M2-4 and M2-5), which corresponded to two original clones, each represented twice.
The two types of clones represented two different forms of USF2 messages, as illustrated schematically in Fig. 1 . Although clone M2-2 did not contain any poly(A) sequences, it terminated immediately downstream of a consensus polyadenylation signal located precisely at the same position as in several (poly(A)-containing) human USF2 cDNAs clones previously isolated (29) . By contrast, the 3' untranslated region of clone M2-5 was extended by another 743 nucleotides, terminating at a polyadenylate stretch just downstream of a second polyadenylation signal. This finding indicated a possible regulation of USF2 messages by poly (A) site selection. More significantly, clone M2-2 contained an intervening sequence of 201 bp (residues 291-491) that was absent in clone M2-5. Characterization of genomic clones to the murine USF2 gene confirmed that this intervening sequence corresponded to a discrete exon (Q.Lin and M.Sawadogo, unpublished result). From these observations, we concluded that the production of USF2 messages was controlled by alternative splicing mechanisms. It is clear that these same two alternatively spliced forms of USF2 mRNAs are also present in human cells. Indeed, several clones similar to M2-5 were previously isolated from two different human cDNA libraries (29) . By contrast, the human cDNA clone designated FTP, although incomplete, contained at its 5' end sequences encoding amino acids present in the intervening sequence of clone M2-2 (30) . Note that the number of base pairs present in the alternative exon is a multiple of 3. Consequently, the two different splicing patterns maintain the same open reading frame. In all likelihood, these various forms of USF2 messages account for the multiplicity of RNAs observed for this gene in Northern blot analysis (29, see also Fig. 5 ). Messenger RNAs of the M2-2 type, although apparently less abundant, are clearly those encoding the full-length 44-kDa form of USF. Indeed, translation of RNA made by in vitro transcription of clone M2-2 yielded a major protein product migrating at precisely 44-kDa, just slightly slower than the 43-kDa translation product of the USF1 cDNA ( Fig. 2A) . Since a complete cDNA of the M2-5 type has not yet been isolated, it remains to be determined whether these messages actually encode a functional product or whether their function is simply to regulate the synthesis of the 44-kDa USF protein.
Sequence conservation in USF
Comparison of the deduced amino acid sequences of USF2 from human (29) and mouse revealed almost complete identity. Only two differences were present, one located in the loop region of the HLH motif and one very close to the C-terminal end (namely, the histidine 66 and serine 343 in murine USF2 were respectively replaced by an asparagine and a glycine in the human protein). Alignment of the primary sequence of the 44-kDa USF with that of the 43-kDa protein (Fig. 2B) revealed that domain conservation between various USF family members was limited to the Cterminal region encompassing the dimerization and DNA-binding domains. In the N-terminal region, only very small blocks of identical amino acids could be found.
Interestingly, a strong conservation of the entire 3' untranslated region could be demonstrated by comparing the human and mouse USF2 genes. As shown in Fig. 3 , more than 78% of the nucleotides were identical in the two cDNAs over a region larger than 540 bp. Such a degree of conservation between evolutionarily distant species of vertebrates has been previously observed in several instances, often in genes that are widely expressed and that encode DNA-binding proteins or cytoskeletal components (36) . These untranslated sequences are thought to play an important role in either transcriptional or posttranscriptional control mechanisms. In the case of the USF2 gene, a possible role in translational regulation was suggested by the RNA with labelled DNA fragments isolated from the murine USF1 or USF2 cDNAs. In the USF1 case, the blot was initially washed under low stringency conditions, exposed, and washed again under high stringency conditions (see Materials and Methods). The arrow indicates the migration of a muscle-specific mRNA that cross-hybridizes with USF1 at low stringency. As a control for the amount of RNA present in each lane, the same blot was finally hybridized with a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) probe.
results shown in Fig. 3B . As was previously noticed for the human USF2 gene (29) , in vitro translation of murine USF2 RNA often yielded not only the expected full-length 44-kDa translation product, but also a smaller protein with a molecular weight of 17,500 (Fig. 3B, lane 3) . The size of this 'mini-USF' protein corresponded precisely to that expected for a translation start site located at one of the two consecutive methionines (positions 199 and 200) in the USF-specific domain, immediately upstream of the basic region. Consequently, this mini-USF contained the intact dimerization and DNA-binding domains of USF2 and was observed to bind DNA in gel retardation assays as both homodimers and heterodimers with the full-length USF2 protein (see example in Fig. 6 ). Interestingly, the ratio of in vitro translated mini-to full-length USF2 decreased considerably when the reticulocyte lysate was programmed with a truncated USF2 RNA lacking half of the 3' untranslated region (Fig. 3B, lane  2) . This result indicates a critical role for the USF2 3' untranslated region in controlling, at least in vitro, the selection of translation start sites. Whether this control involves particular nucleotide sequences in this region, or particular RNA structures that are stabilized by these sequences, remains to be investigated.
The 43-and 44-kDa USFs have very similar DNA-binding properties
To compare the DNA-binding properties of the 43-and 44-kDa forms of USF, we expressed both proteins in bacteria as polyhistidine fusions (34) . As shown in Fig. 4A , DNase I footprinting of the two recombinant proteins on their specific binding site in the adenovirus 2 major late promoter failed to reveal any difference in their specific contacts with the DNA. The observed DNase I cleavage interference pattern was furthermore identical to that previously obtained with USF purified from HeLa cells (1). To determine whether there could be a difference in the affinity of the two proteins for the DNA, quantitative analysis was performed using the standard filter binding assay originally developed for human USF (26) . Under these particular conditions, an apparent dissociation constant of 1.24xlO~9 M was determined for the recombinant 43-kDa protein, while a value of 9.3xl0~1 0 M was obtained for the 44-kDa recombinant USF (Fig. 4B) . These figures were very close to the value reported for purified human USF (7.5 x 10~1 0 M, 26). From these experiments, we concluded that the different USF family members had very similar DNA-binding properties. In addition, these DNA-binding properties were probably not modified by post-translational modifications, since these would not be present in the bacterially-produced proteins.
USF1 and USF2 messages are both ubiquitously expressed USF expression has been observed in a variety of tissues and cell lines using transcription assays and gel retardation analyses. However, the exact distribution of USF messages had not been investigated previously. For this analysis, we used a blot containing poly (A) + RNA from various mouse tissues (Fig. 5) . A control for the amount of RNA loaded in each lane was provided by hybridization with a cDNA probe to GAPDH. The patterns of USF1 and USF2 transcripts, as revealed by high stringency hybridization with the corresponding mouse cDNA probes, were almost identical to those of GAPDH, indicating that these two USF genes were expressed at a similar level in most tissues. The only exception was skeletal muscles, where both the USF1 and USF2 messages seemed somewhat less abundant. Interestingly, hybridization of the USF1 cDNA probe at low stringency revealed the existence, exclusively in skeletal muscle tissue, of a cross-hybridizing RNA species smaller than die USF1 mRNA (Fig. 5, lane 6) . This signal disappeared when the blot was washed at high stringency. One possible interpretation for this observation would be diat diere exist, besides the two ubiquitous USF family members, additional USF genes, one of which is expressed selectively in muscle tissues and cross-reacts weakly with the 43-kDa probe.
Different cell lines are characterized by various ratios of USF homo-and heterodimers
When carried out wiui DNA probes several hundred base pairs in lengdi, electrophoretic mobility shift assays allowed visualization of different USF-DNA complexes (26) . With the availability of complete cDNA clones for both the 43-and 44-kDa USFs, we were able to investigate the exact origin of tiiese various USF complexes (Fig. 6) . In vitro translated murine 44-kDa USF (USF2, lane 3) yielded a major complex with a slightly slower mobility than that of the in vitro translated 43-kDa USF (USF1, lane 2). Cotranslation experiments using various ratios of USF2 and USF1 RNAs revealed that the USF1-USF2 heterodimers formed complexes with an electrophoretic mobility intermediate to those of the individual homodimers (lanes 4 and 5). The presence of me mini-USF protein among die USF2 translation products was also visualized in these experiments, resulting in additional complexes attributable to mini-USF homodimers (complex a) and heterodimers formed between uiis protein and either die 43-kDa (complex b) or 44-kDa (complex c) full-length USF species (lanes 3-5).
Complexes wim electrophoretic mobilities identical to diose of the USF2-USF2 and USF 1-USF 1 homodimers, as well as complexes corresponding to the USF1-USF2 heterodimers, were also observed wim nuclear extracts from tissue culture cells. In extracts from die mouse B cell line S194, the relative abundance of these diree complexes indicated a nearly equimolar abundance of die two USF proteins (lane 6). An identical pattern was observed using extracts from Namalwa cells, which is also a B cell line but of human origin (data not shown). By contrast, me complex formed by the 44-44 homodimers was essentially absent in extracts from HeLa cells (lane 7), indicating diat this protein was less abundant in diese cells dian was the 43-kDa species. Longer exposure of the gel revealed that faster migrating complexes attributable to die presence of mini-USF species could also be observed in the two types of nuclear extract, although their abundance was less tiian in the in vitro translation reactions. Taken together, these results indicated diat me relative expression of die various forms of USF varied in different cell types. Whemer diis variation results from transcriptional or posttranscriptional control mechanisms remains to be determined.
DISCUSSION
We had previously reported immunological evidence uiat me human USF2 gene encodes the 44-kDa USF protein originally identified in HeLa cells (26, 29) . With me isolation of a complete cDNA clone for die corresponding gene in mouse, we were able to obtain further proof of die identity between USF2 and the 44-kDa form of USF. First, in vitro translation reactions confirmed diat the fiill-lengtii USF protein encoded by clone M2-2 migrated in SDS gels widi an apparent molecular weight of 44,000 ( Fig. 2A) , even mough die calculated molecular weight of diis 346-amino-acid protein was only 36,952. Second, die electrophoretic migration of me protein-DNA complexes containing USF2 homodimers, or heterodimers of USF2 wim die 43-kDa USF, matched precisely die migration of natural USF complexes observed in various cell lines (Fig. 6) .
Our results suggest diat the translation products of the USF1 and USF2 genes account for all of the USF binding activity present in most mammalian cells. However, the relative abundance of diese different USF proteins seems to vary. For instance, USF2 homodimers are not observed in HeLa cells. Clearly, this is only because of die prominence of me 43-kDa species in these cells, since renaturation experiments using gelpurified HeLa 44-kDa USF were shown to result in the appearance of a new, slower migrating protein-DNA complex absent in die original preparation (see Fig. 6 in ref. 26) . With our present knowledge, it is obvious diat this new species was due to reconstitution of a HeLa 44-44 USF complex. However, the observation could not be understood at die time because it was then thought that USF interacted with die DNA as a monomer (37) .
Noticeably, the fact that translation products from the USF1 and USF2 genes are die predominant USF species in many cells does not preclude me existence of other USF family members, especially if diese are expressed in a tissue-specific manner. In odier families of USF-related HLH proteins such as Myc, some family members are ubiquitously expressed (e.g., c-Myc), while odiers display more restricted patterns of expression (e.g., NMyc) (reviewed in 38). The observed cross-hybridization of me murine 43-kDa USF cDNA with a muscle-specific RNA may well reflect the existence of a muscle-specific USF family member (Fig. 5) .
Strong conservation of non-coding sequences during vertebrate evolution has been previously observed for a number of genes. Since these conserved regions are much longer than would be necessary for specifying me binding of a regulatory protein, speculations as to meir function have included a possible role in mRNA export, localization, translation or degradation (reviewed in 36). Here, we report evidence mat die conserved 3' untranslated RNA sequences in die USF2 gene may be involved in translational control. Indeed, me frequency at which translation of USF2 messages initiated at me first methionine or at an internal site was dependent upon die presence of diese 3' untranslated sequences. Production from a single RNA of both a full-lengdi transcription factor and an N-terminally truncated species starting at the second in-phase ATG was previously observed in the case of die liver-enriched transcription factor LAP (39) . In diis case, the smaller protein, designated LIP, was also fully capable of specific DNA-binding, but lacked die transcription activation domain and dierefore functioned as a dominant negative mutant (39) . Since the transcription activation domain of USF is similarly located in the N-terminal portion of me protein (40) , heterodimer formation between die mini-USF and full-length USF species could well be a mechanism by which the activity of this family of transcription factors is regulated.
Expression of die USF1 and USF2 genes is ubiquitous. However, various patterns of messages exist in both human and mouse, resulting from differential splicing as well as alternative poly(A) site usage. It is possible diat some of these messages do not encode functional protein products but instead serve to regulate die abundance of USF under various physiological states of die cells. Also, it is intriguing diat die relative abundance of USF1 and USF2 proteins varies among different cell types. Our studies so far have not revealed a difference in the DNA-binding properties of the two proteins. Furthermore, dieir transcription activation potential, as determined by transient transfection assays, appears also quite similar (X.Luo and M.Sawadogo, unpublished observation). However, these studies represent artificial and greatly simplified situations. In the normal context, the two forms of USF may well be involved in regulating different sets of genes. Indeed, their extreme divergence in N-terminal amino acid sequences could specify differential interactions with other families of transcription factors. Such selective contacts between transcription factors are clearly important for stabilizing the different multiprotein complexes present at the promoters of the various genes.
